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Doped zinc oxide powder^ process for its pr eparatioiij. and 

its use "~ 



The inventibii relates to a doped zinc oxide powder, to its 
5 preparation and to its use. 

Electrically conductive materials cfre required for many 
applications, such as, for example, in plastics, lac<iuers, 
coatings or fibres. In addition to electrical conductivi^;^, 
it is in many cases desirable for such materials also .to ?^be 
10 largely transparent, for example in the case of pale or 
coloured coatings. 

Examples- of conductive materials are zinc oxides doped with 
oxides of the metals of the third or fourth main group. 

It is known to prepare doped zinc oxides by coprecipitation 
15 from a solution of an alkali zincate and a doping agent by 
means of an acid (EP-A-404087 , EP-A-405364) . 

It is also knovm to prepare doped zinc oxides by oxidation 
of a vapour mixture comprising zinc powder and a doping 
agent in an oxygen- containing atmosphere. 

20 EP-A-598284 describes a process for the preparation of 
doped zinc oxide by oxidation of zinc vapour in the 
presence of doping agents selected from the group of the 
chlorides and bromides of aluminium, gallitxm, indium, tin, 
geirmanium or silicon. The doping agents are limited so that 

25 they must be free of oxygen atoms and their boiling points 
must not be higher than that of the zinc. 

The known preparation processes usually yield, needle-shaped 
or three-dimensional ly branched, needle-shaped particles 
having sizes in the micrometre range. Such particles can 
30 have advantages over spherical particles in terms of 

electrical conductivity. However, their poor sintering 
behaviour and their poor dispersibility are 
disadvantageous . 
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Known spherical, doped zinc oxide particles are obtained by 
calcination of zinc oxide powder and gallium oxide in the 
presence of carbon in a reducing atmosphere { JP58-145620) . 

Similar processes are described in JP59-097531, JP58-145620 
5 and US3538022. The disadvantage of the spherical particles 
prepared by those known processes is often their lower 
conductivity and lower transparency compared with the 
needle-shaped particles. 

The object of the invention is to prepare an electrically 
10 conductive doped zinc oxide powder which has high 

transparency and does not have the disadvantages of the 
prior art. 

The object is achieved by a pyrogenically prepared, doped 
zinc oxide powder, wherein the doping component comprises 

15 at least one oxide froka the group comprising aluminiim, 
gallium, indiiam, germanium, tin, silicon, which is 
characterised in that the doped zinc oxide powder is in the 
form of aggregates having a mean maximum diameter of from 
30 to 400 nm and the doping component is present in an 

20 amount of from 0.005 to 15 wt.%. 

Pyrogenically is to be understood as meaning the formation 
of doped zinc oxide by flame oxidation and flame 
hydrolysis. According to the invention, flame oxidation is 
to be \inderstood as meaning the oxidation of zinc to zinc 
25 oxide in the gas phase in a flame produced by the reaction 
of a combustion gas, preferably hydrogen, and oxygen. 
According to the invention, flame hydrolysis is to be 
imder stood as meaning the hydrolysis and stabs equent 
oxidation of the doping agents in the same flame. 

30 In that process, highly disperse, non-porous primary 

particles are first formed, which grow together to form 
aggregates as the reaction progresses, and those aggregates 
may join together further to form agglomerates. 

Doping component is to be understood as meaning one or more 
35 oxides of the above-mentioned metals, as aare present in the 
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powder according to the invention. Doping agent is to be 
iinderstood as meaning a sulDStance which carries an above- 
mentioned metal as metal component and which is converted 
into the oxide during the preparation of the powder 
5 according to the invention. The content of doping component 
in the zinc oxid.e powder according to the invention is 
based on the particular oxide in question. 

The primary particles are to be understood as being, in 
high-resolution TEM images, the smallest particles which 

10 obviously cannot be broken down further. Several primary 
particles can join together at their points of contact to 
form aggregates. Such aggregates are either difficult to 
separate again by means of dispersing devices or cannot be 
separated at all. Several aggregates can join together 

15 loosely to form agglomerates, it being possible for that 
process to be reversed again by suitable dispersion. 

The mean maximum aggregate diameter is determined by image 
analysis following ASTM 3849-89. In that process, the 
maximxam diameter of about 1500 aggregates is determined and 
20 the arithmetic mean is calculated therefrom. The maximijm 
mean diameter describes the structure of an aggregate more 
accurately than the mean diameter. 

The mean maximum aggregate diameter of the zinc oxide, 
powder according to the invention may preferably have a 
25 value of from 50 to 300 nm.and particularly preferably from 
80 to 200 nm. Within those reuages, the electrical 
conductivity and the transparency have particularly 
advantageous values . 

The aggregates of the powder according to the invention 
30 preferably have a largely anis tropic structure, defined by 
a form factor F (circle) of less than 0.5. The parameter 
F (circle) describes the deviation of an aggregate from an 
ideal circular form. F< circle) is equal to 1 for an i-deal 
circular object. The smaller the value, the further the 
35 structure of the object from the ideal circular form. The 
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definition of the parameter is in accordance with 
ASTM 3849-89. 

The mean primary particle diameter of the zinc oxide powder 
according to the invention, likewise determined from image 
5 analysis in accordance with ASTM 3849-89, may 
advantageously be from 5 to 30 nm. 

The BET surface area of the zinc oxide powder according to 
the invention, determined in accordance with DIN 66131, may 
vary within wide limits, from 5 to 100 m^/g. Values of from 
10 30 to 70 m^/g are preferred. 

The resistivity of the zinc oxide powder may also vary over 
a wide range. For applications in which zinc oxide is used 
in the form of an electrically conductive powder, it should 
be not more than 10^ Ohm x cm. It is preferably from 10^ to 
15 10^ Ohm X cm, at a compressed density of 1.0 g/cm^. 

In addition, the transmission of the zinc oxide powder may 
have a value of more than 70 %. That may be of importance 
for applications in which high transparency is required. 

The amount of doping component in the zinc oxide powder 
20 according to the invention varies from 0.005 to 15 wt.% 

zinc oxide powder. The doping may preferably be from 0.1 to 
6.0 wt.%. The range from 0.5 to 3.0 wt.% is particularly 
preferred . 

A preferred doping component may be aluminium oxide. 

25 A further preferred doping component may be a mixture of 
indium oxide and tin oxide. The amount of indium oxide is 
preferably from 90 to 99 wt.%, based on the sum of indium 
oxide and tin oxide, in each case calculated as oxide. 

The invention also provides a process for the preparation 
30 of the doped zinc oxide powder according to the invention, 
which process is characterised in that the powder is 
obtained in four successive zones, a vaporisation zone, a 
nucleation zone, an oxidation zone and a quaiching zone, 
from zinc powder and at least one doping agent. 
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- wherein, in the vaporisation zone, zinc powder is 
vaporised in a flame of air and/ or oxygen and a 
combustion gas, preferably hydrogen, with the proviso 
that the reaction parameters are so chosen that 
5 oxidation of the zinc does not occur, 

and wherein, in the nucleation zone, into which there 
passes the hot reaction mixture from the vaporisation 
zone, consisting of zinc vapour, water vapour as the 
reaction product of the flame reaction, and optionally 
10 excess combustion gas, is cooled to temperatures of from 

500 to 900^C or is cooled by means of an inert gas, and 
an aerosol containing at least one doping agent is fed 
in in an amount that corresponds to the desired amount 
of the doping agent in the zinc oxide powder, 

15 - and wherein, in the oxidation zone, the mixture from the 
nucleation zone is oxidised with air and/or oxygen, 

and wherein, in the quenching zone, the oxidation 
mixture is cooled to temperatures of less than 400°C by 
the addition of cooling gas . 

20 The aerosol may be obtained from aqueous, alcoholic and 
aqueous-alcoholic solutions or suspensions containing at 
least one doping agent. 

Where more than one doping agent is used, the aerosols may 
be produced and introduced into the nucleation zone 
25 together or separately. Production of the aerosols may be 

carried out, for example, by means of a binary nozzle or by 
ultrasonic atomisation. 

The process according to the invention may also be carried 
out by supplying the doping agent or agents to the 

30 nucleation zone in vaporised form instead of in the torxa of 
aerosols, in that case, the doping agents can be vaporised 
in the same manner as zinc powder, that is to say in a 
flame of air and/ or oxygen ^nd a combustion gas, preferably 
hydrogen, with the proviso that the reaction parameters are 

35 so chosen that oxidation of the doping agent does not 
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occur. The doping agents may be vaporised separately or 
together with the zinc powder. 

The process according to the invention can be carried out 
by supplying air and/ or oxygen and the combustion gas at 
5 one or more locations within the vaporisation zone. 

Likewise, air and/or oxygen and the combustion gas can be 
supplied at one or more locations within the oxidation 
zone. 

Separation of the zinc oxide powder from the gas stream may 
10 be carried out by means of filters, cyclone, washer or 
other suitable separators . 

Pig. la-c show a siniplified reaction .scheme. In the 
f icrures : 

A = zinc powder, Av = zinc vapour, i^u = zinc particles in 
15 the nucleation zone, 

B = doping agent, Bv = vaporised doping agent, B^u = doping 
agent in the nucleation zone, B^e = doping agent in aerosol 
form 

C = water, 

20 P = doped zinc oxide powder, 

a = combustion gas, b = air and/or oxygen/ c = inert gas 
(cooling gas) , 

Ia = zinc powder vaporisation, Ib = doping agent 
vaporisation, Ia+b = vaporisation of zinc powder and doping 
25 agent together, Ia© = conversion of doping agent into 
aerosol 

II = nucleation. III = oxidation, IV = quenching. 

Fig. la shows a variant in which the zinc powder is 
vaporised and the doping agent is introduced into the 
30 nucleation zone in the form. of an aerosol. Fig. lb -shows a 
variant in which zinc powder and the doping agent are 
vaporised together, and Fig. 1<: shows a variant in which 
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they are vaporised separately and fed to the nucleation 
zone . 

During the vaporisation of the zinc powder and optionally 
also of the doping agents, it is possible to use an excess 
5 of combustion gas, expressed in lambda values of from 0.5 
to 0.99, preferably from 0.8 to 0.95. 

It may also be advantageous for the temperature in the 
nucleation zone to be from 700**C to 800*^C. 

Further variable process parameters are, for example, the 
10 rate of cooling and the dwell time in the individual stages 
of the process. 

The rate of cooling in the nucleation zone is preferably 
from 100 K/s to 10,000 K/s, with values from 2000 K/s to 
3000 K/s being particularly preferred. The rate of cooling 
15 in the quenching zone is preferably from 1000 K/s to 

50,000 K/s, with values from 5000 K/s to 15,000 K/s being 
particularly preferred. 

The dwell time in the vaporisation zone is preferably from 
0.1 s to 4 s, with values from 0.5 s to 2 s being 

20 particularly preferred. The dwell time in the nucleation 
zone is preferably from 0.05 s to 1.00 s, particularly 
preferably from 0.1 s to 0.2 s. The dwell time in the ' 
oxidation zone is preferably from 5 ms to 200 ms, with 
values from 10 ms to 30 ms being particularly preferred. 

25 The dwell time in the quenching zone is preferably from 
0.05 s to 1.00 s, with values from 0.1 s to 0.2 s being 
particularly preferred. 

Halides, nitrates, , alkyls, alkoxides and/ or mixtxires 
thereof may be used as doping agents. Particular preference 
30 is given to the use of the halides of alxaminiTom, indixrai and 
tin. 

The zinc oxide powder according to the invention can be 
used in electrically conductive, optionally transparent 
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lacquers and coatings, as a filler or in sun protection 
formulations . 

The doped zinc oxide powder according to the invention 
acquires its properties, such as, for example, a defined 
5 aggregate size, electrical conductivity, or transparency, 
owing to the novel preparation process . Compared with the 
prior art, where pyrogenic processes always start with the 
oxidation of the vapour of zinc and doping agent, the zinc 
vapour in the process according to the invention is cooled 
10 below the boiling point of the zinc prior to the oxidation. 
As a result, nucleation with the formation of zinc 
crystallites is able to occur. The doping agent is added to 
that nucleation zone. 

The mechanism of that formation and the structure of the 
15 crystallites has not been clarified. By varying the process 
parameters/ such as, for example, rates of cooling, dwell 
times and/ or tempera txires, it is possible to adapt the 
properties of the powder to the particular requirements. 
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Examples 

Analytical methods 

The BET surface area is determined in accordance with 
DIN 66131. 

5 The TEM images are obtained using a Hitachi TEM device, 
type H-75000-2. Approximately from 500 to 600 aggregates 
are evaluated by means of the CCD camera of the TEM device 
and subsequent image analysis . 

The parameter F (shape) is equal to the quotient of the 
10 minimum aggregate diameter to the maxim\im aggregate 

diameter. The parameter F (circle) is calculated as follows: 
F (circle) = 4n x mean surface area)/2{P), where P = 
circumference of the aggregates. 

The parameters F (shape) and F (circle) describe the 
15 deviation of a particle from an ideal circular shape. 

F (shape) and F (circle) are 1 for an ideal circular object. 
The smaller the value, the more removed the structure of 
the object from the ideal circular shape. 

The parameters are defined in accordance with ASTM3849-89. 

20 

Tranfflnission 

The transmission of the powders is determined in a 
dispersion which contains 1 wt.% powder and 99 wt.% wat^r 
and is dispersed first by means of a dissolver (2000 rpm, 
25 5 min) and then by means of an ultrasonic finger (Miplitude 
80 %, 4 min) . 2.0 g of the dispersion are ronaoved and made 
up to 100 g with water. The treuismission and scattered 
light for that dispersion are determined using a 
turbidimeter (Hach, 2100AN turbidimeter) . 



30 
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Resistivity 

The resistivity of the powders is measured at room 
temperature and 40 % relative humidity as a fianotion of the 
compressed density (0.0 - 1.6 g/cm^) . To that end, the 
5 specimen is placed between two movable electrodes, and the 
current flow is determined after application of a direct 
current. The density of the powder is then increased 
stepwise by reducing the distance between the electrodes, 
and the resistance is measured again. The measurement is 
10 carried out following DIN lEC 93. 

Example 1 

Zinc powder (1000 g/h, particle size < 5 ^im) is transferred 
by means of . a nitrogen stream (2.5 m^/h) into a 

15 vaporisation zone in which a hydrogen/air flame (hydrogen: 
4.78 m^/h, air: 10.30 m^/h, lambda = 0.9) is burning. The 
zinc powder is vaporised thereby. The reaction mixture of 
zinc vapour, hydrogen, nitrogen and water is then cooled to 
a temperature of 850^C by the metering in of 2 m^/h of 

20 nitrogen, and 300 g/h of a 10 wt.% aqueous alxmiinixun 

chloride solution (AICI3 x 6 H2O) are fed in in the form of 
an aerosol. 3 m^/h of oxidising air and 20 m^/h of 
quenching gas are then added, whereupon the reaction 
temperature falls to values of about 530^^0. The doped zinc 

25 oxide powder is separated from the gas stream by 
filtration. 

Example 2 

Zinc powder (1000 g/h, particle size < 5 |Jm) is transferred 
30 by means of a nitrogen stream (2.5 m^/h) into a 

vaporisation zone in which a hydrogen/air flame (hydrogen: 
4.53 m^/h, air: 9.68 m^/h, lambda = 0.9) is burning. The 
zinc powder is vaporised thereby. The reaction mixture of 
zinc vapour, hydrogen, nitrogen and water is then cooled to 



wo 2004/014800 



11 



PCT/EP2003/007247 



a temperature of 870°C by the metering in of 2 m^/h of 
nitrogen, and 350 g/h of a 5 wt.% aqueous indium (III) 
chloride solution (InCla x 4 H2O) are fed in in the fonti of 
an aerosol. 3 m^/h of oxidising air and 20 m^/h of 
5 quenching gas are then added, whereupon the reaction 

temperature falls to values of about -680*^0 . The doped zinc 
oxide powder is separated from the gas stream by 
filtration. 

10 Exaxnple 3 

Zinc powder (950 g/h, particle size < 5 pm) is transferred 
by means of a nitrogen stream (2.5 m^/h) into a 
vaporisation zone in which a hydrogen/air flame (hydrogen: 
4.53 m^/h, air: 9.68 m^/h, lambda = 0.9) is burning. The 

15 zinc powder is vaporised thereby. The reaction mixture of 

zinc vapour, hydrogen, nitrogen and water is then cooled to 
a temperature of 880°C by the metering in of 2.5 m^/h of 
nitrogen, and 320 g/h of a € wt.% aqueous solution of a 
95:5 mixture (based on the respective oxides) of 

20 indiiamdll) chloride (InCla x 4 H2O) and tin tetrachloride 
(SnCl4) are fed in in the form of an aerosol. 3 m^/h of 
oxidising air and 20 m^/h of c^ienching gas are then added, 
whereupon the reaction temperature falls to values of about 
650^C. The doped zinc oxide powder is separated from the 

25 gas stream by filtration. 

Example 4 (coxqparison exaxnple) : 

Zinc powder (200 g/h, particle size ^ 5 pm) and 14.3 g/h of 
alxaminiiam chloride are transferred by means of a nitrogen 

30 stream (1.5 m^/h) into a vapori-sation zone in which a 

hydrogen/air flame (hydrogen: 5 m^/h, air: 23 m^/h, lambda 
=1.93) is burning. The reaction mixture of zinc vapour, 
doping agent, hydrogen, nitrogen and water is then cooled 
to a temperature of 990^<: by the metering in of 1.5 m^/h of 

35 nitrogen. 5 m^/h of oxidising air and 15 m^/h of quenching 
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gas are then added, whereupon the reaction temperature 
falls to values of about 440°C. The doped zinc oxide powder 
is separated from the gas stream by filtration. 

5 £3caxnple 5 (coiQparison example) 

Zinc powder (300 g/h, particle size ^ 5 |tm) is transferred 
by means of a nitrogen stream (1.5 m^/h) into a 
vaporisation zone in which a hydrogen/air flame (hydrogen: 
4.6 m^/h, air: 9.0 m^/h, lambda = 0.84) is burning. The 

10 zinc powder is vaporised thereby. The reaction mixture of 

zinc vapour, hydrogen, nitrogen cind water is then cooled to 
a temperature of 870°C by the metering in of 1.5 m^/h of 
nitrogen. 4 m^/h of oxidising air and 30 m^/h of quenching 
gas are then added, whereupon the reaction tenperature 

15 falls to values of about 300®C. The doped zinc oxide powder 
is separated from the gas stream by filtration. 

The process parameters for the tests are shown in Table 1,' 
and the product properties of the resulting powders are 
shown in Table 2 . 

20 The powders of Examples 1 emd 3 prepared by the process 
according to the invention have a mean maximum aggregate 
diameter of approximately from 110 to 150 nm. Very good 
values for the transmission and resistivity are obtained. 
The powder of Comparison Example 4, in which the oxidation 

25 takes place above the boiling temperature of the zinc 
powder, has a mean maximum aggregate diameter markedly 
higher than 300 nm. The resulting values for transmission 
and resistivity are markedly above those of the powders 
according to the invention of Examples 1 to 3 . Example 5 

30 describes the pr^aration of an undoped zinc oxide powder, 
which is obtained by oxidation below the boiling 
temperature of zinc. The transmission of that powder is 
comparable with that of the powders according to the 
invention, but its resistivity is markedly higher. 
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